1 Pseudomonas aeruginosa strains with loss-of-function mutations in the transcription factor 2 are frequently encountered in the clinic and the environment. Among the characteristics common 3 to LasR-defective (LasR-) strains is increased activity of the transcription factor Anr, relative to 4 their LasR+ counterparts, in low oxygen conditions. One of the Anr-regulated genes that was 5 highly induced in the LasR-strains encoded a putative oxygen-binding hemerythrin encoded by 6 PA14_42860 (PA1673) which we named mhr for microoxic hemerythrin. Purified P. aeruginosa 7 Mhr protein contained the predicted di-iron center and binds oxygen with a Kd of 1 µM. Both Anr 8 and Mhr were necessary for fitness in lasR+ and lasR mutant strains in colony biofilms grown in 9 microoxic conditions, and the effects were more striking in the lasR mutant. Among genes in the 10 Anr regulon, mhr was most closely co-regulated with the Anr-controlled high affinity cytochrome 11 c oxidase genes and in the absence of high affinity cytochrome c oxidase activity, deletion of mhr 12 no longer caused a fitness disadvantage suggesting that Mhr works in concert with microoxic 13 respiration. We demonstrate that Anr and Mhr contribute to LasR-strain fitness even in the 14 normoxic biofilm conditions, and metabolomics data indicate that in a lasR mutant, expression of 15 Anr-regulated mhr leads to differences in metabolism in cells grown on LB and artificial sputum 16 medium. Together these data indicate that increased Anr activity in microoxically-grown lasR 17 mutants confers an advantage in part for its regulation of the O2 binding protein Mhr.
Introduction 81 bp from the translational start of Mhr (33). To test whether Anr was a positive regulator of mhr, 110 we constructed a mhr promoter fusion to lacZ and integrated it at a neutral site on the 111 chromosome in the WT and ∆anr backgrounds. Under microoxic conditions, mhr promoter activity 112 was 64-fold higher in the wild type than in the ∆anr mutant. Mutation of two nucleotides in the Anr 113 consensus motif that are essential for Anr regulation of other promoters (34) led to a large and 114 significant reduction in β-galactosidase production (Figures 2A) . Consistent with previous reports 115 that mhr transcripts were more abundant in lasR loss-of-function mutants compared to their lasR-116 intact counterparts, mhr promoter activity was 1.9-fold higher in the ∆lasR mutant compared to 117 the wild type ( Figure 2B) . As in the wild type, promoter activity was Anr-dependent in the ∆lasR 118 mutant (Figure 2B ).
119
To determine if Mhr protein levels were also higher in LasR-strains, we expressed and 120 purified P. aeruginosa Mhr from E. coli (Figure S1 ) and used it to raise an anti-Mhr polyclonal 121 antibody. Western blot analysis detected purified Mhr at about 15 kDa, similar to its predicted 122 molecular weight of 17.9 kDa, and a similar band was detected in P. aeruginosa whole cell lysates 123 from the wild type but not in the ∆anr mutants ( Figure 2C) . Mhr levels in the ∆lasR strain were 124 also dependent on anr at the protein levels. We quantified the relative amounts of Mhr using the 125 Licor Odyssey near-IR Western blotting system. Mhr protein levels were 2.8-fold higher in the 126 ∆lasR mutant than in the wild type (Figures 2D). We also analyzed Mhr levels in a clinical isolate Methylococcus capsulatus hemerythrin (Hr), all seven of the residues were predicted to form the 137 metal-binding active site ( Figure 3A) . In addition to its presence in other Pseudomonas spp., the 138 closest Mhr homologs by sequence were found in other gamma proteobacteria (30) 139 (Stenotrophomonas maltophilia, Xanthomonas campestris, Acinetobacter baumannii, Dyella 140 spp.) and the nitrogen-fixing plant symbiont Azobacter chroococcum, and the active site residues 141 are conserved across all of these homologous proteins (35) (Figure S2) . Consistent with 142 presence of the di-iron binding motif, we detected iron in Mhr protein at a ratio of 2:1 (see methods
143
for description of the assay).
144
Mhr purified from E. coli had an absorbance spectrum with maxima similar to M. 145 capsulatus Hr (peaks at 328nm and 371nm) and other hemerythrin proteins (36) . As in other 146 hemerythrins, there were spectroscopic differences between the oxygen bound (oxy-Mhr) and 147 oxygen-free species (deoxy-Mhr) (Figures 3B and S3A) . Analysis of spectroscopic changes 148 upon titration of oxygen showed an apparent KD for O2 of 0.74 µM (Figures 3C and S3B) . Thus,
149
Mhr was shown to bind iron and oxygen with an affinity that is relevant to microoxic conditions. 150 151
Mhr plays a role in fitness in microoxic conditions but not anoxic conditions

152
To test whether Mhr was important for growth under microoxic conditions, we constructed 153 ∆lasR∆mhr and ∆mhr strains and performed competition assays at 0.2% oxygen. Both the ∆mhr 154 and the ∆lasR∆mhr mutant were less fit than their parental strains under microoxic conditions 155 ( Figure 4A ). We were able to complement the fitness phenotypes of the ∆mhr strains by 156 expressing mhr using the arabinose-inducible plasmid pMQ70 (Figure 4B-C) . Under anoxic
Mhr plays a role in ∆lasR mutant fitness in normoxic conditions
161
Under normoxic conditions (21% oxygen), as in microoxic conditions, the ∆lasR mutant 162 was more fit than the wild type in our colony biofilm competition assay ( Figure 4D ). Deleting anr 163 in the wild type did not affect fitness under normoxia, but it did result in a fitness defect in the 164 ∆lasR background (Figure 4D) . Similarly, the ∆mhr mutant equally was as fit as the wild type 165 under normoxic conditions (Figure 4E ), but loss of mhr led to reduced fitness in the ∆lasR mutant 166 background. Together, these data suggest that Anr, in part due to its regulation of Mhr, contributes 167 to ∆lasR fitness even in colony biofilms grown in normoxia.
168
The role for Mhr in PA14 ∆lasR but not wild type in normoxic colonies raised the question 169 of whether Anr activity is more strongly induced in ∆lasR mutants as oxygen becomes depleted.
170
Using a liquid culture assay in which increasing volumes of medium were used to decrease the 171 surface area for oxygen transfer, we found that the mhr promoter induction was low in 1 ml 172 cultures and it increased with culture volume which is consistent with Anr activity increasing as 173 oxygen availability decreases (Figure S5A) . At each volume, the ∆lasR mutant had significantly 174 higher levels of mhr promoter activity than the wild type while culture densities were similar 175 ( Figure S5B ). Using the 10 ml volume, we found that like ∆lasR, the ∆lasI strain which cannot 176 synthesize the LasR ligand 3OC12HSL also had significantly higher levels of mhr promoter 177 activity and the elevated activity could be complemented by exogenous 3OC12HSL (Figure S5C ). 178 179 mhr is co-regulated with and epistatic to genes involved in microoxic respiration
180
To gain more insight into the role of Mhr in microoxic fitness and in light of the finding that 181 the ∆mhr mutant does not have a fitness defect in anoxic denitrifying conditions (Figure S4) , we 182 analyzed its expression pattern relative to Anr-regulated genes known to be involved in 183 metabolism. To do so, we used eADAGE, a tool that enables the visualization of transcriptional 184 pattern relationships deduced from the analysis of 1056 publicly available samples(37). Using the 185 Anr-regulated genes shown in color in Figure 5A as input, we found that mhr showed an 186 expression pattern that closely mirrored those of genes that encode components of the CcoNOPQ-2 high affinity cytochrome c oxidase. Thus, we sought to assess the genetic interaction 188 between Mhr and the high affinity cytochrome c oxidases. The loss of the cbb3-type high affinity 189 cytochrome c oxidase encoded by ccoNOPQ-2 has little effect on microoxic growth (7) because 190 of the presence of ccoNOPQ-1 which encodes a highly similar enzyme. A strain lacking both cco 191 operons (∆cco) has a significant microoxic growth defect (7) suggesting that the two cbb3-type and focused on compounds that were significantly different upon the absence of Mhr on both 206 media types. Our analysis found that comparison of ∆lasR to the ∆lasR∆mhr mutant across both 207 media revealed significant differences in fifty-seven metabolites ( Figure 5C and Table S1 ).
208
Among the largest differences between ∆lasR and ∆lasR∆mhr were those metabolites involved 209 in energy generation, including metabolites in the TCA cycle. Amino acid metabolic pathways, 210 particularly those involved in the metabolism of sulfur-containing and aromatic amino acids, were 211 also affected by Mhr. Other pathways included those related to the metabolism of nucleotides, 212 lipids, LPS and cell wall, cofactors and vitamins. The differences detected in these pathways are 213 consistent with Mhr affecting metabolism and oxic respiration in the cell.
DISCUSSION
215
Findings from this study and others demonstrate that P. aeruginosa LasR-strains have 216 high Anr activity (16, 19) and activity of Anr-regulated pathways (39) in microoxic environments.
217
In this study, we showed that ∆lasR mutants had increased fitness in the colony biofilms grown in 218 microoxic and normoxic atmospheres, and that this increase in fitness was dependent on anr and 219 Anr-regulated mhr. Furthermore, the relative fitness defect incurred by loss of either anr or mhr 220 was greater in a ∆lasR mutant background than in the wild type (LasR+). Compared to other Anr 221 regulated genes, expression of mhr and the Anr-regulated ccoNOPQ-2 high affinity terminal 222 oxidase followed similar patterns across a large data compendium and the loss of Mhr did not 223 cause a further fitness defect in a strain lacking high affinity cytochrome c oxidase activity,
224
suggesting that Mhr and high affinity cytochrome c oxidases work together directly or indirectly. 
239
Our metabolomics data suggest that Mhr influences the metabolic state of the cell, 240 perhaps through direct binding of oxygen and altering O2 availability to metabolic oxygenases or 241 conferring protection to O2 sensitive metabolic enzymes. The perturbation of metabolites in the 242 TCA cycle upon mutation of mhr may be consistent with a role in central metabolism; there was 243 also a striking effect on amino acid catabolism and in particular, enzymes involved in sulfur 244 metabolism which may be related to changes in intracellular redox. This finding suggests that Mhr 245 could perhaps function to stabilize oxygen-sensitive proteins that are active in microoxic 246 conditions, similar to the hemerythrins of the microaerophilic Campylobacter jejuni that protect 247 iron-sulfur cluster proteins during exposure to high oxygen concentrations (31).
248
The elevated Anr activity in lasR mutants was not abolished in co-culture by the presence 249 of factors produced by the wild type. The model that ∆lasR mutants have a fitness advantage due 250 to elevated Anr activity, and therefore high Mhr, is not incompatible with models for increased 251 ∆lasR mutant fitness relative to lasR+ strains due to the benefits of social cheating and the cost-252 less exploitation of public goods (17). Other studies have shown LasR-strains have increased 253 resistance to lysis in alkaline conditions (43) and enhanced growth on particular carbon 254 sources(9) which likely also promote fitness. Thus, we posit that oxygen limitation can act as one 255 positive selection pressure against LasR signaling. We do not fully understand how an increase 256 in Anr-activity is incurred by lasR deficiency, and further studies are needed to understand the 257 molecular mechanism behind this phenomenon.
MATERIALS AND METHODS
259
Bacterial strains and growth conditions 260 All bacterial strains and plasmids used in this study are listed in Table S2 . Bacteria were 261 routinely grown in lysogeny broth (LB) at 37˚C, except in the case of E. coli transformed with 262 pUT18, which was grown at 30˚C, or during protein purification, as described below. For 263 microoxic studies, bacteria were grown inside a hypoxic cabinet with O2 and CO2 controllers 264 (COY Laboratory Products, Grass Lake, MI), at 0.2% O2 and 5% CO2. For experiments done in 265 anoxic conditions bacteria were grown in an air-tight chamber, and oxygen was depleted using 
422
Quintuplicate colony biofilms were grown for 16 h at 37°C. Colonies were scraped from 423 the agar surface using a rubber policeman, deposited in a 1.5 ml tube, stored at -80°C, and sent 424 to Metabolon for metabolomics analysis. Values were scaled and imputed, then normalized 425 using the total raw reads across all metabolites for a given strain, then re-scaled. A Welch's t-426 test (two sample, unequal variance) was used for statistical analysis of each metabolite, and 427 values with a p-value less than 0.1 were accepted as statistically significant. Fold-change ratios
428
(∆lasR/∆lasR∆mhr) were calculated and transformed into log2 values. Additional details and raw 429 data are located in Table S1 . Disrupt biofilm and plate W T ∆ a n r ∆ a n r + a n r ∆ l a s R ∆ l a s R ∆ a n r ∆ l a s R ∆ a n r + a n r 
